introduced by Wagner and Ellis in the 1960's to grow Si submicrosize whiskers [2] . Although Si nanowires are useful, particular their easy incorporation with mature Si technology, which makes products cheap and suitable for mass production, the indirect band gap of Si is hindering the application of this material in many fields where direct band gap is essential, such as optoelectronics. In this regard, III-V compound semiconductors are dominating due to their direct band gap and flexibility in band gap and lattice engineering. In the early 1990s, Scientists from Hitachi employed the VLS approach to grow III-V nanowires [3, 4] . At that time, good position and orientation control was achieved as well as the demonstration of the first p-n junctions based on heterostructured nanowires [5] . These novel one-dimensional (1D) III-V nanostructures provide a good model system for investigating the dependence of electronic transport, optical, and mechanical properties on their confinement effects. They demonstrated the potential of these nanowires in the next-generation integrated circuits and functional devices, such as field-effect transistors [6−8], single-electron transistors [9] , light-emitting devices [10], chemical sensors [11−14], and THz detectors [15] .
INTRODUCTION
Booming of integrated circuit technologies has been accomplished during the past five decades resulting in electronic devices with higher device density and lower power consumption [1] . As the devices reach the sub-100 nm scale, conventional scaling methods are facing technological and fundamental challenges. A route to overcome these difficulties is to employ structures with their size in the range of 1-100 nm at least in one dimension, so-called "nanostructures". Due to their large surface-bulk ratio and size effect, these nanostructures have shown fascinating physical properties, for instance, strong quantum confinement induced by the limited dimensions. These unique properties make them the best choice for the fabrication of quantum devices within nanometer scale.
As one of the most important nanostructures, nanowires (NWs) become an active research area within the nanoscience community. The growths of most of NWs were employing the vapor-liquid-solid (VLS) mechanism,
SECTION II: CRYSTAL STRUCTURE AND MORPHOLOGY OF III-V NANOWIRES Crystal structures of III-V NWs and their crystal defects found in III-V NWs
In materials science, it is well known that the fundamental physical properties of materials are related to their structures. In this case, due to the fact that most III-V semiconductor NWs have different crystal structures with respect to their bulk phases, we expect that their basic physical properties will be substantially modified. The crystal structures of III-V NWs also attracted a lot of interest. It is well known that for most III-V binary semiconductors, the zinc blende (ZB) structure is the thermodynamically stable bulk crystal form. However, the most surprising feature of III-V NWs is that they often adopt the hexagonal wurtzite (WZ) structure in contrast to their bulk counterparts [24−28] . In the following we will discuss these two crystal structures and then discuss the factors that control the growth of these structures.
Typically, group-III and group-V atomic species are the ones building up the atomic layer which constitutes the NW crystal. The reason for the presence of different polytypes in NWs is that even though the bilayers have the same in-plane structure with respect to the most common 111B growth direction, the stacking sequence along the growth direction differs, and it often changes during growth. If each of the letters A, B, and C corresponds to an atomic layer, then the stacking is ABCABC... for the ZB structure and ABAB... for the most common hexagonal WZ structure, as shown in the upper panels of Figs [110] zone axis, these two different polytypes can be distinguished clearly.
Due to the fact that the growth of NWs can be treated as a continuous stacking of bilayers along one direction, there are certain possibilities that the new bilayer may be faultily stacked. These faultily stacked bilayers will introduce planar defects in NW crystals. In a NW with ZB structure, twin planes can happen, reverse the stacking by forming ABCACBA... instead of ABCABC... and rotate the crystal by 60° around the 111 growth direction. In this case, the bilayer C is the faultily stacked bilayer which creates the twin plane. However, twin planes are not allowed in WZ structure but stacking faults commonly happened by misplacing one single bilayer. When it happens, an ABACA-CA... will form instead of ABABAB.... It is interesting to notice that now there is a {BAC} stacking due to the faultily stacked bilayer C, and indeed, it is a small ZB segment embedded in WZ structure. In fact, the optical and electrical properties of III-V NWs are strongly related to the type of these crystallographic defects and their density [29] , as one of the most attracting topics in the field. More efforts have been undertaken to control [30] the polytypic nature of Au-assisted III-V NWs. As pioneer works, InP [31, 32] and GaP [33] twin supper lattice structures were first reported (Fig. 2) . For a long time, experimentalists have shown that by changing the growth parameters, such as NW diameter [34, 35] , growth temperature [36] , or precursor flow [37] employed during the growth, it is possible to modify the stacking order of the bilayers. Consequently, the growth direction [38] or the crystal structure [34, 36, 37] However, the understanding of the mechanism behind these parameters are very limited. Very recently, Gil et al. [35] reported the growth of pure ZB phase GaAs NWs with diameter between 5 and 15 nm, as shown in Fig. 3a . Interestingly, previous work predicted that within this diameter range only pure WZ phase should form regardless of the growth conditions [39, 40] . Based on their experimental results, a plausible theoretical model is proposed in which the formation of either WZ or ZB phase NWs is not related to the diameter but the energy difference (Δμ) between two critical chemical potentials. The first one corresponds to the equality of the nucleation barriers for the critical WZ and ZB nuclei at the three phase line (Δμ TPL ) and the second to the equality of the nucleation barrier for the WZ nucleus at the TPL and the ZB nucleus in the center of the liquid-solid interface under the droplet (Δμ c ). As it demonstrated in Fig. 3b , the red lines show the calculat ed Δμ NWs. According to these Δμ, it can be seen that the GaAs NW phase could enter the WZ or ZB region by changing Ga content in the catalyst droplet or varying the growth temperatures.
Morphology of III-V heterostructured NWs
During the elongation of NWs, the total free energy is dominated by surface free energy of the interface between the solid phase and the liquid phase. Therefore, in order to minimize the total free energy, continuous formation of certain lowest energy planes are energetic favored. This gives the preferential growth orientation of the 1D crystals. In the case of NWs having ZB structures, e.g., low-temperature-grown GaP, InSb, GaSb, the new (111) planes with lowest energy are often formed at the solid-liquid interface, and therefore, ZB NWs tend to grow along the 111 direction. It is worth noting that depending on whether surface is terminated by group III or V atoms, (111) planes for III-V compound semiconductors can be further distinguished into higher energy (111) A planes (group III terminated) and lower energy (111) B planes (group V terminated) [41] . Therefore, ZB NWs are generally observed to grow in 111 B direction [11] . On the other hand, NWs with WZ structure (e.g., high-temperature-grown GaP, InAs, AlAs) Generally, two families of heterostructured NWs can be achieved by changing the growth parameters: core-shell (radial) and axial heterostructured NWs. Core-shell NWs can be realized when the surface diffusion length of the adatoms is strongly reduced, for example, by decreasing the growth temperature or growing with a high group-V flux under the ultra-high vacuum (UHV) growth condition. In this condition, not enough material is feeding the alloy droplet, and the supersaturation is not reached. At the same time, nucleation of new layers on the NW side facets becomes possible, and the growth switches to conventional two dimensional (2D) film growth on the sidewalls of the NWs, as shown in Fig. 4a . However, in the vapor phase epitaxy systems, e.g., metalorganic vapor phase epitaxy (MOVPE), since the diffusion length of the adatoms is much shorter than in the UHV systems, the shell growth is often realized by increasing the growth temperature in order to promote vapor-solid deposition on the NW sidewalls. In the case of core-shell heterostructured NWs, the lattice mismatch of the core material with respect to the shell plays an important role. In the case of lattice matched materials, e.g., the AlAs-GaAs system, commonly thin shell is epitaxially grown on the sidewall of the core without strain or dislocation. On the contrary, if there is an existence of lattice mismatch, the strain induced defects will present in the shell structure. If the gas phase species reaching the NW are changed but the elongation of the NWs maintains during growth, axial heterostructured NWs will form. However, in this case, even if the NW continues growing axially, the chemical composition of the catalyst droplet changes and its chemical potential is modified. This may lead to a changing of the contact angle as well as the dimension of the catalyst particle and eventually change the dimension of the as-grown NW (as shown in Fig. 4c ). InAs/InSb axial heterostructured NWs are an example of 
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this effect [46−48] . Due to the complexity of reactions taking place during the growth of heterostructured NWs, it is not easy to maintain only axial or radial growth. Therefore, tapering and lateral growth of NWs are commonly observed [49] . Different methods are reported to reduce the tapering of the NWs or suppress the lateral growth completely, such as several temperature steps, HCl in situ etching [50−53] .
SECTION III: GROWTH MECHANISM OF III-V NANOWIRES
Most of the experiments discussed within this review are catalyst (Au)-assisted grown III-V heterostructured NWs. One fundamental aspect on the catalyst-assisted NW growth is the understanding of the growth mechanisms behind it. Nowadays, the VLS mechanism is widely accepted for the explanation of NW formation [54] .
Back in the 1960s, by growing silicon microwires from the vapor phase, Wagner and Ellis first proposed the VLS mechanism to describe the growth of 1D whiskers [2] . This mechanism has been subsequently extended to nanometer scale and aims at explaining the growth of NWs [2, 54, 55] . In addition, recent in situ X-ray diffraction and thermal analysis carried out during passing N 2 -NH 3 over Al-Ni alloy particles reveals an "extended VLS growth". In this case, the growth of AlN NWs is a physicochemical process dominated by the phase equilibrium of the Al-Ni alloy catalyst [56] .
The conventional VLS model is based on the following experimental facts: first, the wire does not contain any screw dislocations [55] and second, a small metal particle is present on the top of the wire [2] . The scheme of this model is shown in Fig. 5 : the metal particle becomes a liquid alloy with the feeding material at the growth temperature. In the first stage, the liquid alloy acts as a collector and the gas phase acts as a supplier. The gas phase molecules may decompose and are incorporated in the liquid alloy. This becomes supersaturated (i.e., it contains more feeding materials than the amount that can be dissolved), and the balance is recovered by the formation of a solid crystal at the liquid/solid interface, resulting in 1D NW growth. The supersaturation is the most important driving force in the growth of NWs and will be discussed in detail later on.
In the case of catalyst-assisted growth of III-V NWs, the vapor phase of group-III and group-V precursors are the suppliers and the alloy droplets are the collectors [57] . The group-V materials have a short diffusion length on the surface [58] , therefore, their contribution to the growth of NWs is mainly through the direct impingement on the catalyst droplets. In most of the cases the growth is usually carried out under group-V rich condition. Therefore, the group-V molecules adsorbing on the substrate surface only contribute to the planar 2D growth and seldom limit the axial growth of NWs. Specifically, it is known that As has a very low solubility in Au [59] and several post growth measurements confirm that no As is observed in the particles [60, 61] . On the contrary, the group-III molecules usually have long diffusion lengths.
Concerning the growth of catalyst-assisted NW growth, Wacaser et al. [57] developed a preferential interface nucleation model. This model has completed the general VLS theory in the sense of explaining why the crystal prefers 
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to grow along 1D instead of planar growth (2D). By calculating the different energy barriers for nuclei located in different sites, they demonstrated that the energy barrier has its minimum when nucleation happens at the three phase boundary (TPB), which is at the interface between vapor, liquid and solid phases. Therefore, the nucleation is more likely at the TPB than at the substrate, and this leads to the growth of NWs. Once nucleation takes place, a monolayer (ML) rapidly spreads to cover the whole liquid/ solid interface, forming one new layer of the NW, see Fig.  6 . After these processes, another nucleation takes place at the TPB, and then a new ML is formed. As long as this process repeats, the crystal will grow in 1D fashion. Since each new layer along the growth direction is generated by a fast "birth and spread" growth [24, 62] , this model also predicts a sharp interface formation in heterostructured NWs. The growth rate of NWs is an easy-to determine quantity (i.e., from post-growth microscopy analysis), but is able to convey a wealth of information on the basic growth mechanisms of the NWs, and it is included in a suitable theoretical framework. In order to understand the general growth process, the conventional VLS model is demonstrated in Fig. 7 , which includes three major transport pathways of the group-III materials: the surface diffusion J diff , the direct impingement J dir , and the desorption flux J des . In the following we will first discuss the contribution of J diff to the growth process of NWs, which is strongly related to the growth kinetic mechanism. This mechanism takes into account that the adsorbed adatoms diffuse over the surface (substrate surface and NW sidewalls) and incorporate into the NW at an energetically favorable position, for example, alloyed with the catalyst droplet or at the step edges. Classically, the diffusion length (λ) at a surface is derived as following.
As schematically shown in Fig. 8a , the overall process of the growth includes the following separate processes: (i) adsorption of atoms from the vapor phase, (ii) surface diffusion of the adatoms towards the growth front, and (iii) incorporation of the adatoms. If diffusion lengths are large with respect to the alloy particle size, we can neglect the adatoms impinging directly onto the catalyst particle and concentrate only on the dynamics of the species diffusing on the surface. Therefore, under conditions of equilibrium of the crystal with its vapor phase, the flux of the adsorbed 
T equals the flux of desorbed atoms n/τ. So that the adatom concentration n has an equilibrium value n e [60] :
where P ∞ is the equilibrium vapor pressure of infinitely large crystal, m is the mass of the atoms and τ is the mean time of residence of the adatoms on the crystal surface before being re-evaporated and τ is given by:
in which υ  is the vibrational frequency of the adatoms normal to the surface and E des is the activation energy for desorption of an adatom from the crystal surface.
The mean distance that the adatoms can cover during their lifetime on the surface is:
where D is the surface diffusion coefficient:
Here E sd is the activation energy for surface diffusion, υ || is the vibrational frequency of the adatoms parallel to the crystal surface and a is the mean distance between the adsorption sites. The rate of the adatoms hopping from one surface site to a neighboring one is υ hop . If we assume that
It is worth to note when the desorption energy E des is greater than the diffusion energy barrier E sd , we have λ>>a [60] . This allows the adatoms to diffuse from the adsorption site to the front of a NW and eventually to incorporate into the NW lattice.
The diffusion model is also used to describe the NW density dependence of the growth. A constant adatom concentration and no interaction between the adatoms lead to a random diffusion process. By neglecting the adatoms which are not diffusing to the catalyst, we can first simplify to a one dimension coordinate system as shown in Fig. 8b . Once the adatom is adsorbed at position x 0 , after an average time t hop = 1/υ hop the adatom will move a distance a in random direction. After n steps the probability of finding the adatom at position x is given by a Gaussian distribution:
with σ = a√n -as the standard deviation [63] . From Equations (3 and 4), and n = τυ, we can deduce:
Therefore, the diffusion length equals the width of the distribution, and the probability reads:
Following Equation (8) , the probability of adatoms reaching the NW via diffusion along the substrate surface Figure 7 Schematic view of the three major material transport pathways which are usually considered in conventional VLS model. 
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follows a Gaussian distribution and centered at the NW [64] . The available material at a distance r from the NW is proportional to the area of an infinitesimally thin circle: dA=2πrdr. Multiplying P(x) with dA yields the amount of material M, which is collected from the NW base per unit time. Thus, the amount of material M(r) reaching the NW from a distance r in the unit time is:
By integrating Equation (9) from the NW radius (r w ), to a half of the inter-wire distance from the NW (R) the growth rate of NW results:
where the constant c 1 relates to the material species and c 2 represents the growth rate associated only to the direct impingement on the catalyst droplet. According to Equation (10), the adsorbed incoming material will have a certain probability to diffuse toward the NW, which depends on R. This implies that when the surface diffusion length is longer than half of the inter-wire distance, the growth rate of NWs will be strongly influenced by the inter-wire distance, i.e., by the density of the NWs (see the scheme of Fig. 9 ). In fact, Jensen et al. [17] observed that the NW growth rate is strongly dependent on the density. They suggested that the observed growth rate decrease by increasing NWs density is due to the reduction of the effective material collection area of each NW, as in the dashed circles shown schematically in Fig. 9 . Furthermore, several groups have experimentally observed that the axial growth rate of NWs is related to the catalyst particle size. For instance, the growth rate can increase with increasing NW diameter [65] , decrease with increasing NW diameter [66] or even reach a maximum at a certain diameter [67] . In order to clearly understand this behavior, it is necessary to establish a model which combines both the kinetic and the thermodynamic driving forces. The thermodynamic driving force in the growth of NWs is the supersaturation. The supersaturation is defined as the difference in chemical potential Δμ between adatoms in the vapor phase and in the catalyst (Au) particle [67] 
where p is the adatom supply pressure, p 0 is the equilibrium pressure of adatoms in the catalyst particle, p ∞ is the equilibrium pressure in an infinitely large seed particle (vapor pressure of adatoms in bulk Au), σ is the surface energy density of Au, Ω Au is atomic volume of adatoms in Au, r w is the NW radius, and Δμ ∞ is supersaturation over an Au surface with infinite radius of curvature [67] . For example, in the case of Au-assisted InAs NW growth, if we assume that the Au particle has a face-centered cubic (fcc) crystal structure and In atoms incorporate at these crystal positions, we get Ω Au = 0.017 nm Figure 9 Scheme of the density dependence of NW growth rate. In case (a) the distance between two NWs is larger than two times λ, NWs can be treated as individual NW without competition. In case (b), however, the inter-wire distance is smaller than 2λ, and the NWs grow slower than in case (a).
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dt(r w ), of Si NWs:
Now we can consider the limit case when the growth rate becomes zero. Then the critical diameter of NW is given by:
This means that for NWs with diameter smaller than d c , the growth will be suppressed. Moreover, according to Equation (13) , the critical diameter will decrease by increasing the growth temperature which implies that NWs with small diameter can be grown by simply increasing the growth temperature [70] .
Dubrovskii et al. [71, 72] were the first to demonstrate the possibility to combine both the kinetic and the thermodynamic mechanisms within a general growth model. Within this model, the growth rate of the NW is given by:
where V is the 2D deposition rate (ML/s), Δμ LS is the difference of chemical potential between the particle and the substrate, Δμ AS is the difference of chemical potential between the adsorbed species which are able to diffuse toward the particle and the substrate. Δμ VS is the difference of chemical potential between the vapor and the substrate, β is the particle contact angle, K and K 0 are modified Bessel functions of the second kind. r GT is the characteristic radius describing the GT effect in the droplet:
, where σ LV is the particle-vapor interface energy and Ω L is the elementary volume in the liquid. This model agrees well with experimental observations for the growth rate of GaAs NWs (see Fig. 10 ) [72] , where only the contribution of surface diffusion is taken into account but the other material transport pathways such as direct impingement and desorption are neglected. The value of r GT = 3.5 nm, used in calculations, corresponds to a 30% alloy of liquid Ga with Au. The obtained diffusion length on the GaAs (111)B surface (λ) is about 95 nm. Most important, this diffusion induced growth model is a function with one maximum, determined by the competition of the adatom fluxes to the top droplet and the GT effect in the droplet. It predicts that the NW growth rate will reach to a maximum value for a certain diameter which is dependent on the growth conditions, techniques and materials. In the case of Fig. 10 , it is marked by the dashed line and it is about 53 nm. On the left side of the dashed line, e.g., for NWs with smaller diameter, the GT effect is limiting the growth rate. For larger diameters, the limiting factor is the amount of material reaching the catalyst through diffusion. As shown by Equation (10) the growth rate is a monotonous decreasing function of the diameter.
SECTION IV: GROWTH TECHNIQUE OF III-V NANOWIRES
The highly sophisticated growth techniques available in both research and industry are the reasons why semiconductors are widely used for the device fabrication. For decades, progress in crystal growth techniques such as metalorganic vapor phase epitaxy (MOVPE), molecular beam epitaxy (MBE), chemical beam epitaxy (CBE), has made the fabrication of semiconductor heterostructures and novel active devices possible. Recent progress in fabricating low-dimensional nanostructures takes advantage of alignment of atoms on the substrate to induce the self-organized structures, which is the main subject discussed in this section. The growth occurs in the reactor, which is a chamber made of a material that is resistant to the chemicals used and high temperatures. The substrate is placed on a heated susceptor in the reactor. After the precursors' molecules arrived on the substrate, they will be pyrolysed thermally and/or catalytically and leave the required atoms on the substrate surface. The atoms will diffuse on the substrate surface and eventually bond to the surface then a new crystalline layer is epitaxially grown. As can be seen in Figs 11b and c, two categories of MOVPE reactors are using recently in order to perform the growth of semiconductor NWs: 
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REVIEW horizontal reactors and vertical (i.e., shower head) reactors. In a horizontal MOVPE, the precursors enter from one end of the liner and flow parallel to the substrate wafer. Depending on if the precursors need to be pre-cracked or not, hot-wall or cold-wall reactors can be chosen to process the growth. On the other hand, in the case of the shower head reactors, as shown in Fig. 11c , the gases are introduced into the react chamber perpendicularly over the entire substrate surface via the water-cooled shower. The distance between the shower head and the substrate is variable. And the substrate lie on a rotating susceptor which is heated by several separate resistive heaters in order to keep a uniform temperature over the entire surface. The recently developed shower head reactor is more advanced than the conventional horizontal reactor. Due to the fact that in the horizontal reactor, the precursors first meet the hot susceptor before the substrate, which introduces material deposition on the susceptor. The release of deposited material may cause more severe memory effects to the following growths. However, the shower head reactor does not have hot parts upstream, so the growth using shower head will suffer less from memory effects. Second, due to the small distance between the shower head and the substrate, fast gas switching is achieved. Furthermore, the gases are introduced into the reactor through separate openings in the shower head to achieve an even distribution of process gases, which introduces improved uniformity across the entire substrate. All these aspects make the shower head MOVPE a more promising candidate for heterostructure NW growth with sharp interface.
Molecular/chemical beam epitaxy
Both MBE and CBE are growth techniques carried out in UHV (i.e., lower than 10 −9 Torr) chamber and with slow deposition rate which aim to produce high quality materials. The MBE system was first developed at the Bell Labs in the late 1960s [73] , followed by the development of the CBE technique in the early 1880s [74−76] . The main difference between MBE and CBE is that, the MBE technique is using ultra-pure form solid which is heated in separate quasi-Knudsen effusion cells until they begin to slowly sublime. However, similar to MOCVD, the precursors used in the CBE system are metal organics (MO) but without carrier gas [76] . The use of only group-V precursors in CBE system, like tertiarybutylphosphine (TBP) and tertiarybutylarsine (TBAs), yields more stable beam fluxes with respect to MOCVD and a better control of the As/P ratio than MBE. Additionally, the use of MO sources of group-III materials is motivated by their long-term stability and easy handling when changing sources. Furthermore, in the CBE system as in MBE, the growth is always carried out inside an UHV environment. At such low pressures, the mean free path l of a molecule is given by:
where κ B is the Boltzmann constant, T is the temperature, p is pressure, and d is the diameter of the gas particles. Thanks to the UHV environment, l in a MBE/CBE system is of the order of 10 5 meters facing to ~5 μm in MOVPE system. Therefore, the molecular transport occurs ballistically. Another advantage of the use of the UHV chamber is its compatibility with electron diffraction probes such as reflection high-energy electron diffraction (RHEED), which can provide fundamental in situ information on growth mechanism and crystal structure [77] . Such characteristics allow to carry out high-quality and uniformly epitaxial growth on wafers with large area.
One typical MBE/CBE setup (Riber Compact-21 III-V system) is schematicly shown in Fig. 12 . A stainless-steel growth chamber is kept pumped with a turbo pump ( Fig.  12b ) and an ion pump (Fig. 12c ). These two pumps provide a base pressure of 10 −10 mbar. The turbo pump is kept pumping alone during the growth. A platen manipulator is capable of continuous rotation (up to 60 rpm) while heating up to more than 1000 K. Additionally, the inside walls of the growth chamber are surrounded by a cryopanel which is cooled down to 77 K by liquid nitrogen (see Fig. 12 ), which allows to reduce the background pressure. Moreover, the cryopanel ensures that samples only see cold stainless-steel during the growth in order to avoid "memory effect" when switching materials. The growth chamber is usually connected to a preparation chamber, which is pumped by an ion pump. The substrates are degassed prior to the growth inside the preparation chamber to remove mainly the water from the substrate surface. Connected to the preparation chamber, there is a load-lock module pumped by a small turbo pump to transfer the sample from air into the system. All UHV components are able to resist a bake-out temperature of 150°C which is necessary to remove the water condensation from the walls and the cryopanels inside the growth chamber after closing the system.
In order to understand and optimize the interface within axial hetrostructures, Glass et al. summarized the growth temperature of VLS grown Au-assisted homostructures by MBE. The temperature ranges is shown in Fig. 13 in which the temperature window might slightly vary with the V/III ratio and with the NW diameter. Interestingly, the temperature window is quite similar for the structures with REVIEW SCIENCE CHINA Materials group-III atoms but the overlap is small for structures with different group-III atoms. This is solid evidence that the growth temperature for NW is mainly influenced by the chemical composition which is strongly associated with the supersaturation of III-Au alloy. In fact, compared with InAs/GaAs heterostructures, the NWs containing InAs/ InP [79, 80] and GaP/GaAs [81, 82] heterostructures show much sharper interfaces.
SECTION V: SAMPLE PREPARATION AND ADVANCED CHARACTERIZATION TECHNIQUES Sample preparation
Before starting the NW growth, catalysts have to be deposited on the surface of the substrate. Usually the catalyst is a 
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metal which can form a metal-III alloy droplet and plays a role as material collector during the NW growth. In most of the catalyst-assisted NW growth, the usually employed catalyst material is gold (Au). And there are three different widely applied approaches to deposit Au catalyst particles on the substrate surface, as schematically shown in Fig. 14. The first approach is to deposit commercial metal colloids on the substrate surface by drop casting a colloid solution on the substrate. The nanoparticles (NPs) will stick on the substrate by van der Waals forces, as the schematic in Fig.  14a shows. However, several drawbacks have limited the application of this method. First of all, due to the van der Waals forces between the NPs, the Au NPs are mostly agglomerated instead of forming single particles on the substrate. Secondly, the impurities in the solution will eventually be left onto the substrate after deposition, preventing the growth of NWs. Other alternative approaches are thermal dewetting and lithography-defined patterning (Figs 14b and c). In the following, we will first demonstrate the principles of thermal dewetting of Au films, then compare the growth result between thermal dewetting Au films and colloid deposition, in the end the lithography-defined patterns (selective area growth) will be present in detail.
Sample preparation
The simplest method for the formation of NPs on the substrate is through the dewetting process of a thin metal film. This process is driven by the reduction of the surface energy of the film and the interface energy between the film and the substrate. This process can be induced by thermal annealing. Dewetting proceeds by surface diffusion even in the solid state will below the melting temperature of the film [83−85] . In the case of ideal, defect-free, and homogeneous films, theoretical predictions claim that the surface energy driven mechanism starts at the film boundary, with edge agglomeration via capillary edge instability, and then followed by particle formation via Rayleigh instability [86, 87] . However, in reality, thermal deposited metal films comprise defects and fluctuations in the film thickness as well as by edge agglomeration [88, 89] . Therefore, voids can nucleate due to the film thickness fluctuations (spinodal dewetting), or at defects which are then followed by void growth and particle formation [87] . For polycrystalline metallic films, dewetting is also affected by the character of grain boundaries [89] . Concerning all effects above, dewetting of polycrystalline metallic films on a flat substrate usually leads to a broad distribution of particle size and spacing [90] .
After deposition, a continuous thin film formed by Au grains is obtained as shown in Fig. 15a . In order to allow the NW growth, the substrate has to be pre-annealed inside the growth chamber with TBAs flow to form NPs and to remove the native oxide. Within this deoxidation procedure, 
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the pre-deposited Au film will be dewetted and NPs will form. The deoxidation temperature is strongly dependent on the employed substrate. Since the dewetting temperature is higher than the eutectic point, the grains in the continuous Au film will form sparse Au-III droplets flowing on the substrate. From the SEM image of Fig. 15b , the alloy NPs are clearly visible. In order to acquire quantitative measurements of the alloy NPs formed by thermal dewetting, the area of the particles is measured from plane view SEM images and then converted into particle diameter by assuming that they have a circle shape. The diameter distribution and density of the NPs will strongly influence the NW diameter and density. Therefore, it is important to control the thermal dewetting procedure. Previous studies [90, 91] on the dewetting process of thin metal films show that the key parameters which can tune the particle size and density after thermal dewetting are the film thickness (h au ) , the dewetting temperature (T ann ), and the dewetting time (t ann ) . In order to understand how these three parameters influence the NWs growth results after the dewetting process, Gomes et al. [92] 
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These results indicate that colloidal NPs are the catalyst of choice where exact, reproducible NW diameters and very low density are necessary. On the contrary, a reasonable control of NW diameters can also be obtained by dewetting thin film, even though the dispersion grows larger as the diameter increases. The strong advantage of thin film annealing is the wafer-scale uniformity and wafer-to-wafer reproducibility of the NW density and diameters.
Lithography-defined Au disc arrays
Even though the thermal dewetting method has some advantages in terms of simple preparation, large wafer compatibility etc., the drawback of this technique is the difficulty in obtaining a monodispersed NP ensemble. Another technique widely employed to realize NWs with highly controlled position and dimension is lithography. Lithography is a process of generating (or writing) predesigned patterns on a substrate. A standard lithography procedure includes the following five steps: spin coating, exposure, developing, metal deposition, and lift-off as schematically demonstrated in Fig. 17 . After exposing the resist, the exposed area will be selectively removed by the developer. The temperature of the developer and the developing time are the parameters to be optimized. Slight changes of these two parameters will modify the profile of the resist and significantly change the result of lithography. For example, longer developing times or developing the exposed pattern at higher temperatures will lead to an enlargement of the defined pattern. A similar effect will be obtained by increasing dose during exposure. An optimal develop should lead to open holes with undercut profile in exposed poly(methyl methacrylate) (PMMA), as shown in Fig. 17c . The developed samples are then transferred into a thermal evaporator chamber to perform Au deposition followed by the lift-off procedure in acetone.
The minimum time to expose a fixed area for a fixed dose is given by the following formula:
where T is the time to expose the object (can be divided into exposure time (s) /step size (nm)), I is the beam current, D is the dose and A is the exposed area. In this case, the exposure was always carried out with an acceleration voltage of 20 kV and a probe current of 19±2 pA. Both the exposed area and the dose can be controlled from the EL-PHY plus software as a CAD drawing, while the software will calculate the exposure time and feed it to the SEM. SEM images in Fig. 18 show the resulting Au discs generated with electron beam lithography (EBL) by varying doses and defined areas. In the left column the nominal diameter of the Au discs is 40 nm in the CAD drawing, but the dose employed during the lithography process increases from the top pattern to the bottom one. By increasing the dose, the resulting Au disc diameters increase from ~37 nm (Fig.  18a ) to ~62 nm (Fig. 18c ). In the right column, the nominal diameter of the Au discs is fixed to 60 nm in the CAD drawing. Following the same trend, the lithography process show that the dimension of the Au discs can be controlled by varying either the dose or the defined area. However, higher dose will lead to cross-links inside the PMMA and leave residues on the substrate surface. The inter-distance between the discs can also substantially change the EBL results. During the exposure, the primary electrons from the SEM are modifying the resist through inelastic scattering with kinetic energy of E = 1/2m e v 2 and cracking the long carbon chain of the resist into shorter fragments due to E>>E 0 , where E 0 is the binding energy of the carbon chains. At the same time, the inelastic collisions of the incident electrons produce a cascade of electrons with kinetic energy greater than E 0 , so called "secondary electrons", which are capable of breaking bonds at distance away from the original collision. The presence of the secondary electrons will spill over into the exposure of the currently written feature, effectively enlarging its image, and reducing its contrast, as shown in Fig. 19a . This phenomenon, which is usually described as "proximity effect", makes it hard to control the reproducibility of packed features. The corner of an EBL defined hexagonal pattern after lift-off is shown in Fig. 19b . The proximity effect is clear since the Au discs close to the edge of the pattern have smalle r diameter than the ones in the center.
Advanced characterization techniques
In situ and ex situ characterization techniques are also fundamental methods to acquire information on the samples. For instance, advanced electron microscopy can help to visualize both the structure and the morphology of the sample, and diffraction methods allow to reconstruct the crystal structure, etc. These characterization techniques can give insight into the basic physical properties of the material. Additionally, the information is also used as a feedback for the growth procedure, and therefore, will help to optimize the growth parameters. In the following sections several characterization methods will be introduced.
Reflection high-energy electron diffraction (RHEED)
RHEED is an in situ technique used to characterize crystalline materials. In 2D growth, RHEED systems gather information only from the surface layer of the sample [93] . However, during the growth of NWs, due to the specific growth geometrical configuration, RHEED has been shown to provide valuable information on the NW bulk crystal structure [94] . Thanks to its rapid feedback and the capability of providing the crystal structure information, RHEED is , where h is Planck's constant. Simple calculation leads to the wavelength of the electron of the order of 10 −2 μm, which is two orders of magnitude smaller than the lattice parameter of III-V materials. The electron beam focuses directly on the surface of the sample with a grazing incidence angle less than 5 degrees. In this case, the electron beam travels through the NWs which are grown vertically with respect to the substrate surface. In this geometrical configuration, the main contribution to the diffraction pattern is due to the three-dimensional (3D) volume diffraction inside the NWs. A phosphorus fluorescent screen is mounted on the opposite side of the electron gun, as schematically shown in Fig. 20a . A charge coupled device (CCD) camera is attached to the fluorescent screen and allows to visualize the RHEED pattern (see Fig. 20b ) In this way, the diffraction geometry is similar to diffraction obtained by transmission electron microscopy (TEM) but carried out in situ. Combining with diffraction simulation software, it allows to qualitatively analyze the NW crystal structure.
In order to understand the RHEED pattern from the as-grown sample, we have to consider the crystal structure and the growth direction of the NWs. Most of III-V NWs grown by various techniques adopt the hexagonal WZ structure. However, by varying the growth conditions, in terms of III/V flux ratio, growth temperature, catalyst material and diameter, etc., the crystal structure of III-V NWs could be altered to the ZB or to another lower symmetry system. In the following discussion, we are only focusing on the two most common crystal structures found in III-V NW systems: WZ and ZB. In most cases, the free-standing III-V NWs grow along the [111] orientation of the substrate. Therefore, for the WZ NWs, their [0001] direction is perpendicular to the (111) substrate plane, while for the ZB NWs, their [111] direction is perpendicular to the substrate (111) plane. According to this geometry, we can compare the RHEED patterns from diffraction of WZ along {1010} and {1120} planes or diffraction from ZB along {110} and {112} planes.
The typical diffraction patterns acquired from ZB NWs and WZ NWs are shown in Figs 21a, c, e, and g, together with the corresponding calculated patterns (Figs 21b, d , f, and h). It is worth to note that apart from the obviously different appearance of the patterns, the in-plane rotation angle to acquire the patterns is 30° and equal for both crystal structures. For example, the diffraction patterns of WZ NWs (Figs 21f and h) will appear as large and small rectangles alternatively by rotating the sample by 30°, while for ZB NWs a rhombus and a rectangular pattern will appear by 30° rotation [95] . The two obviously different patterns help to identify in situ the crystal structure of the NWs.
Another advantage of the RHEED is that since it is a surface sensitive technique, the application of the RHEED can also offer information of the first stage (nucleation) of the NW growth. For instance, as shown in Figs 22a and b, Tchernycheva et al. [94] observed additional diffraction spots from RHEED after certain thermal annealing process (dewetting). Combining with the ex situ cross-section TEM and selected area electron diffraction (SAED) study (Figs 22c and d) , a formation of Au 7 Ga 2 alloy particles has been confirmed.
High resolution transmission electron microscope (HRTEM)
Even though SEM images are sufficient to study the morphology of the NWs, they cannot supply any crystal structure information due to the fact that the acceleration voltage is not high enough to make the electrons penetrate the body of the NW. Since the crystal structure influences most physical properties of the material, ex situ TEM investigations are necessary. TEM has a similar electron source as 
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SEM but uses a parallel beam to illuminate the specimen, and employs much higher accelerating voltages up to 300 kV. The electrons under such high accelerating voltage have very small wavelength λ which is comparable to the atom radius. This allows realizing both diffraction of the lattice and imaging the material with atomic resolution. By employing aberration-correctors, the dimension of the probe can be reduced to about 0.8 Å.
HRTEM images are usually used to visualize the inner crystal structure. Combined with the FFT analysis (or SAED), the crystal structure of the NWs can be studied. For example, in Fig. 23 both TEM and HRTEM images of a double InP barrier defined InAs quantum dot embedded in a NW are shown. As shown in Fig. 23a , in the low magnification TEM mode, the two InP barriers have different contrast with respect to the rest of the NW (InAs). This contrast difference is due to the different lattice constants and the strain induced by the lattice mismatch. In the HR-TEM image shown in Fig. 23b , the atoms stacking of these two materials with atomic resolution are clearly visible.
Furthermore, two annual dark field (ADF) and one bright field (BF) STEM detectors are attached to the system and allow performing high resolution HAADF image with resolution of 1.4 Å. The chemical composition of the NW, interface cleanness, and the chemical composition of the catalyst are important issues. However, the structural analysis mentioned above is not able to perform any chemical characterization of a sample. Therefore, energy dispersive X-ray (EDX) spectroscopy is widely used to determine the chemical composition of NWs, quantitatively [96] . In order to perform an EDX analysis, a converted electron beam is used to induce the X-ray emission from the sample. The X-rays are collected and analyzed by an EDX spectroscopy detector. In Fig. 25a , an STEM image of the tip of an AlAs-GaAs core-shell NW and its EDX analysis are shown. The element map generated by the EDX detector in Fig. 25b shows that there is a pure GaAs segment along the axial growth direction of the core-shell NW, and the catalyst is an alloy of Au-Ga-Al. Furthermore, a sharp interface between the GaAs and AlAs segments is visible from the element map (see Fig. 25b ).
Micro-Raman spectroscopy
Raman spectroscopy is an inelastic light scattering non-destructive technique which allows the access of the phonon modes of materials at the Г point of the first Brillouin zone and in some cases to their dispersion [97−99] . Raman spectroscopy can be experimentally performed at the nanoscale by using a confocal microscope or even a tip enhanced scanning microscope. This allows obtaining a lateral submicron resolution of the properties of a nanostructured material [100] such as a single NW. Therefore, nowadays Raman spectroscopy became a versatile and relative standard tool for the characterization of materials giving detailed information on crystal structure, phonon dispersion, electronic states, composition, strain, etc., on thin film and nanostructures [101−109] . In the case of Raman scattering experiments on single NW, a backscattering configuration is preferred. In this configuration, the scattered light is collected along the same direction of the excitation, as shown schematically in Fig. 26 [110] .
A cryogenic micro-Raman setup is schematically shown in Fig. 26 to perform Raman experiments on single NW at low temperatures and pressures. The excitation lasers are generated by a HeNe laser for E exc =1.959 eV, a krypton-ion laser for E exc =1.833 and 1.916 eV, and an argon-ion laser for 
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E exc =2.410, 2.497, 2.541, and 2.708 eV. A yellow laser line at E exc =2.182 eV is provided by a mixed krypton/argon-Ion laser. All these excitation sources are exclusively gas lasers in order to take advantage of the fine spectral linewidths and are purified by a monochromator and a polarization filter. The sample was positioned on a XY piezostage inside a Helium-flow-cryostat (10 −6 mbar, at room temperature or in contact with cold He gas ~10 K), which allows the scanning of the surface (and therefore of the NW) with a precision of 10 nm. Polarization dependent measurements are realized as follows. First, the incoming light passes through an λ/2 plate so that its polarization ε i can be rotated by an angle ϕ. After passing through a beam splitter (50:50), it is focused on the NW with a 100×objective ( 0.95 numerical aperture). The polarization of the scattered light ε s is analyzed by measuring the intensity of the two components (parallel and perpendicular to the wire). For this reason, a second polarizer is used. The efficiency of the spectrometer depends on the polarization of the incoming light and is higher when it is perpendicular to the slit [110] . In order to avoid artifacts linked to this, a λ/2 plate at the entrance of the spectrometer is added in order to flip the polarization of the light into the most efficient direction. Scattered light is collected by an XY Raman Dilor triple spectrometer with a multichannel charge couple device detector in order to achieve a maximum of stray light rejection. The absolute spectral positions of the gratings have been calibrated by Ne and Xe gas lamps with an absolute error of less than 1 cm −1 . Furthermore, resonance Raman (RR) spectroscopy has been established as a versatile probe for both the structural and electronic properties of semiconductors [111−113] . In particular, RR spectroscopy has been successfully applied to resolve the lattice dynamics and electronic band structures of semiconductor NWs [114−116] . The method relies on the dependence of the Raman cross section on the energy difference between incoming photons impinging on a crystal and absorption centers caused by interband critical points such as the fundamental band gap E 0 . Hence, by examining the excitation dependent Raman cross sections of distinct vibrational modes, one is able to obtain valuable information on the energetic values, dispersions, and symmetries of the bands involved in an optical transition. A particular advantage is the local nature of RR spectroscopy: excited electron-hole pairs involved in the Raman process have not been diffusing towards regions displaying a lower joint density of states prior to their recombination. This is of particular advantage when electronic properties of materials incorporated in nanoscale heterostructures are examined where the fundamental band gap of the material under investigation is bigger than adjacent layers. In RR spectroscopy measurement, the sensitivity of the Si charge couple device detector and the three gratings of the triple Raman spectrometer in the setup is a function of E exc : any optical element will display an excitation dependent transmission and reflection coefficient. By measuring the Raman intensity of a CaF 2 single crystal which has been shown to exhibit a constant Raman cross section between 1.8 and 2.8 eV [117] , the sensitivity of the setup can be calibrated.
Atom probe tomography
Due to the complex 3D geometry, large area of interest and low detectability of dopants/impurities, the STEM HAADF or EDS analysis is not a perfect method for these purposes. Recently, atom probe tomography (APT), which is able to offer both 3D imaging and chemical composition measurements at the atomic scale, are quite often used as a promising tool for this purpose. As a microscope, the APT was invented in 1967 by Müller [118] for the usage in materials science. Similar to the field ion microscopy (FIM) [119] , the sample needs to be prepared in the form of a sharp tip. The cooled tip is biased at high direct current (dc) voltage (5−20 kV). The highly small radius of the tip and the high voltage will induce a high electrostatic field (tens V nm −1 ) at the tip surface, just below the point of atom evaporation. Under laser or high-voltage pulsing, a few atoms are evaporated from the surface by field effect (near 100% ionization) and then projected onto a position sensitive detector (PSD) with extremely high detection efficiency. The detector measures time of flight mass (TOF) of the ions (i.e., the time between the laser flash and the arrival on the PSD allows to determine the mass-over-charge ratio (m/q)) and the (X,Y) position of the ion impact on the detector simultaneously. The atoms are progressively removed from the tip by repeating the employed laser pause, and a 3D reconstruction image of the material can be acquired at the atomic scale [120, 121] . Fig. 27 shows the detail schematic of a local-electrode atom-probe (LEAP) tomography operated by employing either voltage (I) or laser pulses (II). A microtip specimen array is fabricated on the substrate and applied a positive potential V dc . In order to evaporate atoms as ions, the electric field at one tip specimen has to be increased to a certain value, therefore, the local electrode is pulsed with a negative potential, V pulse . Apart from the application of an electric field, the specimen can also be pulsed by laser pulses to gain a higher repetition rate. The PSD consists of multichannel plates (MCP) in series with a delay-line detector which is used to obtain an FIM image of the atoms Thanks to the widely application of the dual-beam focused ion beam, position control growth and other sample preparation techniques, the ability to prepare NW-based APT sample has been dramatically improved. Remarkable results of dopants and impurities characterization in single NWs are achieved by APT [122−127] which strongly enriched the research field. As shown by the very recent Ref. [122] (Fig. 27b) , quantitative mapping of dopant in the asgrown GaAs NWs can be measured by APT.
SECTION VI: GROWTH OF III-V NANOWIRE HETROSTRUCTURES GaAs/AlAs heterostructured NWs
Conventional lattice matched systems, GaAs/AlAs/AlGaAs as an example, have been demonstrated in either axial [128] or lateral [129−133] heterostructured NWs as it shows in Fig. 28 . In particular, the optical quality of GaAs is strongly improved by capping the NWs with a thin AlGaAs shell [128] . For example, a recent report on the optical properties of bare GaAs NWs found that the dc photoresponse of these NWs is dominated by charged surface trap states, the discharge of which may be the source of the slow decaying persistent photocurrent [134] . However, a higher band gap AlGaAs layer can reduce dark current and decrease surface recombination while increasing sensitivity and quantum efficiency. Thin (50−60 nm) AlGaAs capping layers have 
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been shown to be able to improve the time response of photodetector devices to picoseconds [135] . Another remarkable work from Kang et al. [136] demonstrated a control of GaAs/AlGaAs multiple core-shell structure heteroepitaxially grown on Si substrate. As shown in Figs 28a−e, by a doping GaAs buffer layers and a two temperature growth procedure, they achieved ZB GaAs/AlAs structure with very high crystal quality. The photoluminescence (PL) measurement of these samples showed an exciton lifetime measured from these NWs are ~600 ps. Very recently, Persano et al. reported that these core-shell heterostructured NWs have a very good collection efficiency of photogenerated carriers which supports the beneficial role of the shell [137] .
On the contrary to GaAs, AlAs is well known as a wide indirect-band gap material. For a long time, the exploitation of AlAs and its alloys in the NW field was mostly limited to their use as shell layer in GaAs NWs [129] . Interestingly, ab initio calculations conducted by De et al. [138] suggested that indirect and large-band gap semiconductors such as AlAs or GaP may display a drastic change of their electronic band structures when transferred from the cubic to the hexagonal crystal phase. In the case of AlAs, the authors predict a reduction of the fundamental band transition at the Г point of the first Brillouin zone from approximately 3 to 2 eV due to the introduction of an additional conduction band of Г 8 symmetry and claim that WZ AlAs exhibits a direct band gap.
Certainly, the implications of such major band structure modifications would be vast in nanotechnology: first, the knowledge on the actual value and the nature of the fundamental band gap in WZ AlAs plays a crucial role for the design of future GaAs-Al x Ga 1−x As-AlAs based nanoscaled heterojunctions that are currently investigated for their potential in electronics and photonics [139, 140] . Second, a direct nature of the fundamental band gap suggests WZ AlAs itself as a novel optically active material in the visible light region. In this regard, special emphasis should be placed on the expected large band gap offset between AlAs in the WZ and ZB phases that would substantially exceed values reported for other material systems. The assumption of a direct band gap below 2 eV in WZ AlAs is currently a matter of debate since earlier calculations based on the local-density approximation did not reveal a direct band gap in this energy range [141] . However, little is known on electronic and optical properties of pure AlAs NWs due to its easy oxidization. The first realization of pure AlAs and AlAs-GaAs radial core-shell NWs will be demonstrated by Li et al. In order to prevent the AlAs NWs from fast oxidation, a thin GaAs shell around the AlAs NW has been deposited [142] , as shown in Fig. 29 . Followed by this remarkable progress, a RR study of single AlAs-GaAs core-shell NW was presented [143] , as shown in Fig. 29 .
As can be observed in Figs 29b and c, a contribution of the E 1 (TO) mode is present only in the case of an excitation of 1.92 and 1.96 eV, while for higher or lower excitation energies, this particular mode is suppressed. This is in agreement with the temperature dependent measurement, which reveals an extinction of the E 1 (TO) for cryogenic temperatures at 1.96 eV. In contrast, the A 1 (TO) phonon mode displays no particular resonance between 1.84 and 2.5 eV within the experimental accuracy. This can be understood with help of Fig. 29d where the expected electronic band structure at the center of the first Brillouin zone of WZ AlAs is sketched: Г 8 symmetry is predicted for the lowest conduction band at 1.971 eV with respect to the uppermost Г 9 valence band [138] . This finding suggests a direct nature of WZ AlAs as the first demonstrate of crystal structure induced indirect-direct band gap transition in III-V semiconductors.
GaP/GaAsP/AlGaP heterostructured NWs
Apart from GaAs-AlAs system mentioned above, GaP and GaAs are also predicted to have an indirect-direct band gap transition by switch crystal structure from ZB (indirect band gap) to WZ (direct band gap) [138] . In Fig. 30 , group of Prof. Bakkers first systematically reported the ability of control as-grown structure of GaP by varying the growth condition such as growth temperature, V/III ratio [42] . More recently, the same group reported the realization of pure WZ structure GaP NWs and optical measurement of their heterostructures [52] . Due to the fact that the emission wavelength of WZ GaP perfectly fits to the application of green light LED, the GaP-based heterostructrue becomes a hot optoelectronic material.
Similar to InP, the GaP is often grown with GaAs as heterostrcutures. For example, GaP/GaAs heterostructures have been used to study the fundamentals of the VLS growth mechanism and distinguish radial from axial growth [81, 144, 145] as it demonstrated in Fig. 31 .
The transition sharpness between the different materials has been investigated as a function of the growth parameters [146] . Borgström et al. [147] demonstrated for the first time that a short segment in a wire can be an optical quantum dot. This was shown by exciton/biexciton emission and antibunching behavior from short GaAs segments in GaP wires. Following the similar growth route, Zhang et al. reported complex GaP-GaP-GaAs-GaP multiple core-shell structure NWs heteroepitaxially grown on Si substrate, and showed that the GaAs layer is optical activated even though © Science China Press and Springer-Verlag Berlin Heidelberg 2016 SCIENCE CHINA Materials REVIEW the presence of defects reduced the PL signal significantly [148] .
InGaAs based heterostructured NWs
Thanks to their unique properties, ternary InGaAs NWs are continuously attracting substantial interest in the NW field. Recently, the success of integrating InGaAs and InGaAs-based heterostructures on Si made these materials suitable for many applications such as photovoltaic devices [149] , integrated photonics [150−152] , tunneling diodes [153] , vertical NW field effect transistors [154] , and quantum information processing [155] . The growth of InGaAs ternary NWs is, however, often not straightforward even though the growth of NWs of this material has been reported to be realized by variety of growth techniques [156] . Growth of InGaAs alloy NWs by conventional VLS method with foreign metal catalyst, i.e., Au, at temperature of ~450°C was early reported by Kim et al. [157] . Due to the significant difference in the diffusion, solubility, and incorporation kinetics for indium and gallium, the morphology of the InGaAs alloy NWs resulted in a strong tapering and large dispersion in the length [157, 158] . Recently, Guo et al. [159, 160] provided a detail study on the composition of Au-assisted VLS grown InGaAs NWs. They observed that because of the fact that indium has a higher affinity for the Au than Ga, gallium is more preferentially to be transported to the axial growth front. During the elongation stage of the NWs, Ga-rich (In)GaAs core region (via VLS-mode) and an In-rich InGaAs shell (via vapor-solid, VS-mode) will be formed simultaneously [161] . In order to overcome these difficulties, catalyst-free growth of InGaAs alloy NWs on Si substrate by MOCVD via vapor-solid mechanism is recently proposed [149] . The overall homogeneity of composition is significantly improved, and the NW morphology is governed by the high anisotropies in 
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the growth rates of different facets, i.e., higher growth rate along the axial [111] facet than to the {110} sidewall facets. The indium composition could be varying from 0.2−1, and the NW diameter is inversely proportional to the lattice mismatch. Interestingly, the bending of these NWs is often observed, and more detail analysis on these NWs shows a few MLs of compositional fluctuation induced nonuniform strain across the NWs [162] . However, apart from the uniform morphology and composition within single NW measurement, the photoluminescence, and high-resolution XRD spectra always gave a broad linewidth over the whole ensemble NWs. This strongly indicates that there is a large dispersion in NW length, diameter, and composition fluctuations over the as-grown ensemble NWs [149] . Therefore, a catalyst-free, site-selective growth NWs arrays on a substrate with pre-patterned masks, i.e., selective area growth (SAG), became an ideal solution to achieve the high quality InGaAs NWs with uniform composition over the sample [19, 163] . The template SiO 2 masks were defined by either EBL or nanoimprint lithography, and etched by wet etching or sputtering deposition. The growth was carried out at 550°C in a solid source MBE chamber, and the relatively higher growth temperature was helping to increase the diffusion and incorporation into the NWs. Morphological compression of SAG growth with conventional catalyst-free growth shows a precise control of NW position and dimension [156] , as shown in Fig. 32 . High-resolution XRD spectra of InGaAs NWs grown by SAG method showed narrow full-width-at-half-maximum width over wide indium content range [163] . The composition uniformity of the SAG grown NWs is also studied by EDS, and STEM carefully [156] . The microstructure of SGA grown InGaAs NWs is studied by HRTEM, selective area diffraction, and atomic resolution HAADF STEM [164] and proved that -similar to other III-As NWs-the WZ phase is the dominated phase and certain density of stacking faults makes the crystal a mixture of WZ and ZB. The length of WZ segment will be reduced by increasing the gallium content and, eventually the crystal will transform into ZB dominated with gallium up to 36%.
InAs/InP heterostructured NWs
InAs NW-based heterostructures are mainly fabricated with their phosphides counterparts. Particularly, InP layers embedded in InAs NWs attracted broad interest because the band gap of InP is ~600 meV wider than InAs and therefore, InP can be used as a barrier material to fabricate single electron devices [165−168] . As a matter of fact, InAs NWs were the first of III-V NWs grown by VLS mechanism reported by Yazawa et al. [169] in 1991. By employing the MOCVD method, the NWs were able to grow on SiO 2 -patterned GaAs substrates [169] and InAs (111)B substrates with diameter of 20−30 nm and density of 10 10 cm −2 [3] . However, due to the complexity, the InAs-based heterostructured NWs were realized much later. In 2002, InAs-InP heterostructured NWs were reported grown with UHV CBE system by Bjork et al. [165, 166] . Trimethylindium (TMIn), tertiarybutylphosphine (TBP) and tertiarybutylarsine (TBA) were used as precursors and the growth were performed at 420°C. During the growth of the het- REVIEW erostructure, the TMIn source was turned off, the group V source (TBAs/TBP) turned on after a short pause, and the TMIn turned on again after. HRTEM images show a ML sharpness of the interface attributed to the high vapour pressures of the group V materials in combination with the low growth rate of 1 ML s −1
. Thelander et al. [79] reported the fabrication of resonant tunnel diode (RTD) by using the InP barriers embedded InAs NWs. Via modifying the RTD device dimensions and applying gate electrodes, single NW-based single-electron transistor were also able to be realized [79, 168] .
As shown in Fig. 33 , InAs/InP heterostructured NW is imaged by high resolution HAADF TEM. The image shows two thin InP barriers which have darker contrast and are embedded inside an InAs NW.
However, in a system with large lattice mismatch, e.g., InAs-GaAs core-shell structure NWs, by investigating the interface of the GaAs shell and InAs core with HRTEM, Popovitz-Biro et al. [170] observed a semiperiodic set of edge dislocations emerging from the interface on either side of the core, perpendicular to the growth direction and all along the shell width. Fig. 34a shows clearly three of such dislocations at high magnification, where the emerging point of the dislocations is marked with a white T. Two of the dislocations are further magnified in Fig. 34b. Fig.  34c shows an HRTEM image of a single dislocation which is described schematically in Fig. 34d .
Careful inspection of the HRTEM images reveals that in many dislocations the extra nucleated planes tend to stack in a ZB type stacking. This tendency can be rationalized by the differences between the mismatch values along the [111] axis in ZB (6.6%) and that of WZ along the corresponding [0001] axis (8%) [171, 172] . Namely, the extra nucleated plane can be more easily accommodated in a ZB type stacking. In fact, the high lattice mismatch-radial 6±1% and axial 4±0.5% dictates a nonuniform relaxation process and the measured mismatch is found to be different from the nominal mismatch. In order to relax the strain, paired line dislocations and loop edge dislocations within the shell, along the NW, and around it are formed. These defects make the NW partially relaxed [170] .
InP/InAsP heterostructured NWs
InP and InP-based materials have superior gain and low loss properties in the fiber telecommunication band of ~1550 nm wavelength. Therefore, InP NWs have attracted an increasing amount of attention because of their extensive use in electronics [173] , optoelectronics [174, 175] , optical telecommunications [176−178] .
These materials are also good candidates for photovoltaic applications. As opposed to GaAs based material system, InP shows fewer surface states with native oxides. High surface state density can easily deplete carriers in a nanostructure, preventing it from interacting with photons. Therefore, fewer surface states are extremely important to nanostructure devices such as NWs and quantum dots because their surface to volume ratio is large. Both axial [167, 179] and core-shell [180] heterostructures have been 
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developed for new advanced nanoscale devices. In most of the cases, InP is used as barrier materials with large band gap for the growth of quantum well embedded radial heterostructures. For instance, InP/InAs/InP multiple coreshell NWs are grown by MOVPE on pre-patterend InP substrate (Fig. 35) . The essential step to realize the multiple core-shell structure is to switch the growth direction of InP between axial and radial. The phosphorus precursor partial pressure and the growth temperature is demonstrated to be key parameters for this purpose [28, 180, 181] . Very recently, the InP/InAsP/InP radial heterostructures are successfully heteroepitaxially grown on pre-patterned SiO 2 -masked Si substrate [182] . Within this study, gas phase of HCl and H 2 S is also introduced into the MOVPE reactor as additional parameters to control the radial growth of InP. The room-temperature PL of this radial multiple core-shell structure shows a promising structure for III-V light-emitting device integrated on Si platform. 
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However, most InP-based NWs reported are grown in the direction perpendicular to that of the close-packed planes in the crystal structure, i.e., in the 111 direction for ZB or the 0001 direction for wurtzite (WZ), in which, the NWs commonly have planar stacking faults (SFs) leading to a faulted crystal or even a mixture of ZB/WZ crystal structures [31,183−187] . Although SFs have been found to contribute to many phenomena [31, 187] , they could significantly affect the electronic [185, 188, 189] and optical properties [190] of NWs. NW growth in the 100 direction, which has seldom been reported for InP [191] , is of particular interest since such wires are inherently free from SFs and represent an ideal ZB single crystal. In 2013, Wang et al. [30] demonstrated that high yield of 100-oriented InP arrays can be achieved simply by changing the filling of Au droplet before the elongation of NWs. Moreover, by similar strategy, so called "catalyst engineering" the growth direction of the InP NWs can be switched between 100 and 111 direction [38] . The growth direction switching overcomes the defect-limited InP NW-based device fabrication.
InAs/InP/InSb heterostructured NWs
Another class of materials, antimonide-based compound semiconductors which usually have a narrow band gap, are widely regarded as the first candidate material for the fabrication of third generation infrared photon detectors [192] and integrated circuits with ultra-high speed and ultra-low power consumption [193, 194] . In contrast to the AlAs-GaAs material system, antimonide semiconductors have large lattice mismatch with other widely employed semiconductors. For instance, InSb, which has the smallest band gap of all binary III-V compound semiconductors, has a lattice mismatch of 19% with Si, 15% with GaAs, 10% with InP, and 7% with InAs. This makes the 2D growth of this material an extremely difficult task. However, thanks to the easily released strain in NW systems, InAs/InSb axial heterostructured NW has recently been reported [46, 47, 195] . In addition, InSb [196] NWs and InAs [197] NWs have been used to detect Majorana Fermions.
Antimonide compound semiconductor materials, such as InSb, are ideal candidates to fabricate magnetoresistors [198] , infrared detectors [192] , and high-speed devices [193, 194] due to their smallest band gap among all III-V semiconductors, highest bulk electron mobility [199] , largest Land' eg-factor [200] , and strong spin-orbit interaction. Furthermore, according to the theoretical studies on thermoelectric properties of III-V semiconductors, InSb is also considered to be the best choice for thermoelectric applications due to its small effective mass [201, 202] .
The fabrication of InSb-based devices has been hindered by its large lattice mismatch with the most widely employed III-V semiconductor substrates. However, the growth of NWs allows accommodating the interfacial strain even for materials with very large mismatch, generally without the formation of any defects. Therefore, the NW structure opens the possibility to realize heterostructured systems by combining InAs and InSb. Several groups have reported the successful growth of InSb [203, 204] and InAs/InSb NW heterostructures [46, 47, 195] , enabling the fabrication of InSb and InAs/InSb NW based devices [200,205−208] . Furthermore, Plissard et al. [209] reported a first study on MOVPE growth of InP/InAs/InSb arrays.
If the gas phase species reaching the NW are changed during growth, the thermodynamics of the system changes, and its chemical potential is modified. This may lead to a changing of the contact angle as well as of the dimension of the catalyst particle and eventually changes the dimension of the as-grown NW (as shown in Fig. 4c ). InAs/InSb axial heterostructure is an typical example of this effect [46−48] . As illustrated in Fig. 36 , the InSb segment of the axial heterostructured NW is larger in diameter than the InAs segment due to the increase of In content in the catalyst particle when the growth is switched from InAs to InSb. Furthermore, this change can also modify the crystal structure of the different segments, as the HRTEM images of the interface of an InAs/InSb heterostructured NW show in Figs 36a and b. Fig. 36a shows contrast due to different lattices which belong to the InAs and InSb segments. In Fig. 36b , a high magnification image is taken at the inter- 
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face between the WZ InAs and the ZB InSb. An atomically sharp interface is clearly visible. The Fourier analysis shows different periodicity and lattice parameters, see the inset of Fig. 36b . It is worth noting that, a strain induced contrast is visible as well in the TEM image. This strain is introduced by the lattice mismatch between WZ InAs and ZB InSb. However, thanks to the large surface to volume ratio, the strain can be relaxed within a few nanometer region around the interface. The interfaces between the different material segments of heterostructured NWs and the growth mechanisms are of general research interest [48] . The SEM micrographs of Fig. 36 show two wires viewed from different directions. In Fig. 36c , a NW is viewed along the 011 _ 0 axis of the InAs stem, and we see three and two facets in the InAs and InSb segments, respectively. Conversely, in Fig. 36d , a NW is viewed along the 21 -1 -0 axis of the InAs stem, and we see two and three facets in the InAs and InSb segments, respectively. This suggests that the InSb segment has an hexagonal cross section, but is rotated by 30° around the growth direction, as schematically shown in Fig. 36 . Considering that both an expansion and a rotation of the cross section take place at the initial stage of InSb growth and additional facets, a model is developed by Lugani et al. [48] for the InSb base consisting of low index facets. In this work, they studied the faceting of the InAs/InSb NW in detail by combining SEM and TEM images. As shown in (InSb segment) is observed, consistent with the 7% lattice mismatch. The transition is not abrupt but occurs on a scale of 20 to 30 nm, which can be linked to elastic-relaxation effects. These results together with a quantitative analysis of the lattice distances confirm that the InSb segment is nearly relaxed within a few nanometer from the interface which allows us to conclude that an efficient strain relaxation takes place in the system without plastic relaxation thanks to the NW geometry.
The successful growth of InAs/InSb NWs can effectively release the strain and makes the application of InSb become to reality. However, in order to meet different applications, different patterned NWs have to be optimized. For instance, in the application of Majorana fermion detectors, the InSb arrays need to have low density to be able to pick single NW up by nanomanipulator and transferred to the device chip. The work from Plissard et al. [209] on patterned NWs demonstrated in Fig. 38 shows that the growth rate of NWs generally decreases with increasing NW density. Because of the fact that the NWs compete for the incoming material [17,19,209−211] , increasing the NW density (i.e., decreasing NW pitch) results in a decrease of available collection area for each NW and thus in the reduction of the NW growth rate. Moreover, the morphology of the InSb is varying by varying V/III ratio from 44 to 166 (Figs 38a−d) . It is worth noting that apart from the low growth rate caused by a high NW density, due to the limitation from the GT effect, smaller diameter NWs have even lower growth rate [54, 65, 69, 212, 213] .
Due to the fact that low dimensional InSb NWs are predicted to have ZT > 1 as the reduction of heat transport via phonons due to the diameter of the NWs decrease. In order to achieve ZT ~3 at room temperature, it is suggested that InSb NWs of small diameter (~30 nm) are necessary [201] . Additionally, recent reports on Si [214] and Bi 1−x Sb x [215] NW-based thermoelectric devices have revealed that the high ratio of NW cross-sectional area to device area plays a critical role.
In order to bring InSb NWs into practical thermoelectric applications, it is necessary to achieve small-diameter 
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NWs with high density. Li et al. [216] shows a contrary behavior of the growth rate by choosing different precursors and under UHV environment. The key strategy is to reduce the adatoms diffusion length λ to be much smaller than both the NW length and half of the pitch a/2 [213] . Therefore, the re-evaporated adatom is intercepted and incorporated by a neighboring NW as the scheme shows in Figs 38o−q. As a result, the growth rate of InSb is proportional to the readsorption probability. In this case, different from the conventional material transport pathway of VLS growth mechanism, the adatom readsorption from the neighboring NWs is the key material transport pathway and this result provides guidelines for growing high density InSb NW arrays with a high growth rate.
Thanks to the precise control of the InP stem growth direction [38] , more complex InSb X-, and Y-shape NWs are realized by MOCVD method [217, 218] . These structures are fundamental crucial for the incubation of Majorna Fermions device. As it shows in Fig. 39a , the pioneer work was first reported by Plissard et al. [217] by employing a interruption and cool down procedure before the growth of InSb segment. During the cool down procedure, the Au particles would fall down on the sidewall of the stems, and then the substrate was annealed up to the growth temperature to start the elongation of InSb. Therefore, the neighboring NWs have certain possibility to merge and form nanocrosses [217] . In order to increase the yield of InSb nanocross with single crystal junction, the following work from the same group introduced EBL patterned substrates [218] and took advantage of controllable growth direction of InP stems [38] .
InAs/InAsSb/InAs double heterostructured NWs
Among all III-V compound semiconductors, the material having smallest band gap (E 0 ) occurs in the ternary InAs xSb 1−x alloy systems with values as small as 0.1 eV for x ~ 0.4 [219] at room temperature. The values of E 0 as a function of x for InAs x Sb 1−x are plotted in Fig. 40a . The experimental data are obtained from Woolley and Warner [220] , Stringfellow and Greene [221] and Dobbelaere et al. [222] . Due to its unique band gap structure and physical properties, InAs x Sb 1−x has become a hot research area. One attractive 
REVIEW
application of InAsSb alloys is in the field of environmental gas detection, such as for detecting CO 2 , CO, CH 4 , N 2 O, and O 3 . This field is presently dominated by HgCdTe-based detectors, but the synthesis and the liquid waste of Hg pose non-trivial health and environmental problems. Another particular advance of this ternary alloy is that InAs x Sb 1−x has a tunable band gap in the mid-infrared (2−8 μm), useful for infrared emission and detection. It is also worth to note that InAs is another outstanding material for device fabrication due to its intrinsic high conductivity and the easiness of fabrication of Ohmic and high transparency contacts [223] . Additionally, InAs has a very interesting broken gap with other antimonide semiconductors, as shown in Fig. 40b . Therefore, for a wide x compositional range, InAs/InAs 1−x Sb x heterostructures have a type II band alignment [224] . The broken gap, along with the absence of strain-related defects typical of NWs, allows an unprecedented flexibility in band engineering [206] . The growth of InAs/InAs 1−x Sb x NWs grown by MOVPE over a wide composition range 0.08 < x < 0.77 was demonstrated by Borg et al [225] . They suggested that under the same conditions, due to a decreased effective V/III ratio at the liquid solid interface, the incorporation of Sb in the NWs could be achieved to a significantly higher level than for planar epitaxy. Latter than the vapor phase epitaxy, InAs/InAs 1−x Sb x and their double heterostructures were successfully achieved via UHV CBE growth and the Sb content was increased to x = 0.94 [226] as shown in 
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41. An ex situ morphological and structural analysis of the InAs/InAs 1−x Sb x /InAs displays regions of CuPt ordering for low Sb content (As rich alloy), which was the first time of observation of the CuPt ordering in III-V semiconductor NWs. After proposing the growth mechanism of the lateral growth, the same group reported that in order to suppress the lateral growth of the InAs/InAs 1−x Sb x segments, both growth temperature and InAs stem length have to be optimized [227] .
Apart from the Au-assisted growth of InAs/InAs/InAs 1−x Sb x heterostructures, very recently, InAs, InAs/InAs 1−x Sb x , and their homo-/heterostructures heteroepitaxially grown on Si substrate are successfully achieved via self-catalyzed method in UHV MBE chamber [228] and MOVPE reactor [229] . In these cases, In droplets were formed on Si substrate in order to offer preferable nucleation sites, followed by switching on the As and Sb beam at temperature of 420−470°C, the NWs would form. The injection of Sb shows a strongly influence on NW morphology, i.e., axial and lateral growth rate. In terms of crystal phase transition, a detail study from Zhuang et al. [230] shows that from WZ/ZB mixed InAs NWs, addition of Sb led to quasi-pure 
Branched III-V nanowires
After development of conventional axial or radial heterostrucures, 3D branched heterostructures become a new attracting structure due to their high surface area and direct transport pathway for charge carriers [219, 231] . Additionally, the 3D morphology can effectively improve the light absorption and reduce the reflection and multi-scattering. Therefore, this heterostructures are outstanding candidates for solar cell application. The general idea of the growth of branches is schematically shown in Fig. 42 . After the NW stems growth, the fresh catalyst will be deposited on the sidewalls of the NWs, then transferred back into the growth reactor, and start the NW growth from the fresh catalysts. In this case the previous as-grown NWs (trunks) are acting as substrates for new grown NWs (branches) [232−236] .
In 2004, Dick et al. [233] first reported the growth of GaP/GaAsP double heterostructured branches on GaP trunks, as shown in Figs 43a and b. The GaP trunks were grown by MOVPE on GaP (111)B substrates, then the Au 
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diffusion of materials over the sidewall of the trunks is not limiting the growth. Interestingly, in the growth of GaSb trees reported by Yan et al. [235] , no additional deposition of seed particles is necessary. The Ga atoms were desorbing from substrate and formed droplets on the sidewall of 1D GaSb NWs with time evolution. Then the GaSb branches grew via self-catalysted VLS mechanism [235] . Similar as the GaP/GaAsP branches, the GaSb branches adopt the incline 111 as growth direction, as shown in Fig. 43d . The reflectance measurement of GaSb nanotrees covering substrate shows that the effective absorption of the GaSb particles were aerosol deposited via electrostatic precipitation along the sidewalls of the trunks. The branced GaP/ GaAsP heterostructures were then grown downwards in the other 111B orientation, as shown in Fig. 43b . The number of branches can be controlled by depositing certain number of particles per μm 2 , and the diameter of the branches are determined by the dimension of seed particles. They also showed that the average branch length decreases with increasing branches density but branches length is independent of the position on the trunk. This suggests that during the growth of branches, the surface 
SECTION VII: SUMMARY AND OUTLOOK
Within this review, we first reviewed the conventional VLS growth mechanism and the most widely used growth techniques. Then, we highlighted III-V heterostructures classified by material combinations. Within each materials category, we reviewed their applications and the possible heterostructures achieved by different growth strategies. Several representative experimental results are highlighted within different material systems in order to give an insight view of difficulties, limitations, and the overcoming solutions. From the growth point of view, it is interesting to note that after several years of development from different research groups, more effort recently are put into the realization of complex heterostructures, for instance, crystal phase modifications, multiple core-shell radial heterostructures, NW networks, reversible axial heterostructures, branched heterostructures, etc. Based on the experimental observation, the growth model aiming at understanding of axial and radial growth mechanism and crystal phase controlling is developed both phenomenologically and theoretically. Vice versa, the optimization of overall parameters during the growth of heterostructured NWs are taking into consideration and suggestions from the growth models proposed from theoretical perspective. For the future development of III-V heterostructures, we foresee several promising fields: (i) self-catalyzed growth and the integration of III-V heterostructured NWs with Si technology. Thanks to the 1D morphology of NWs, the lattice mismatch between III-V and group IV materials (Ge, Si, and C) can be easily overcome. Additionally, the Au-free self-catalyzed growth becomes more friendly to group-IV technology and the lithography processing of III-V and group IV materials is quite similar to each other. The integration of both material systems will make it more promising to fabricate device which has outstanding optical properties form III-V materials and electric properties from group IV materials. (ii) Better control of crystal phase, interface properties including defect properties, diffusion intermixing, and lattice mismatch induced strain engineering. These facts will modify the physical and Jin Zou is a professor shared between the School of Mechanical and Mining Engineering (Materials Engineering) and the Centre for Microscopy and Microanalysis, at the University of Queensland. Professor Zou's research interest focuses on the understanding of the evolution of advanced, smart and nano-scaled materials and the understanding of fundamental properties of these materials through correlating their structures with their demonstrated properties. He has more than 500 SCI publications, most of them published in leading international journals.
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